Abstract Oligosaccharides are implicated in the development of the immune response notably in complement activation. Anti-tumoural immunotherapy by monoclonal antibodies (mAbs) offers some advantages to chemotherapy including cell targeting but some of them are inefficient to generate cytotoxicity dependent complement (CDC) known to be important in the antibody's efficacy. The aim of this study is to give a CDC activity of mAb by linkage of a complement activating oligosaccharide to this antibody via a hetero-bifunctional linker allowing control of the conjugation reaction. We worked on non Hodgkin Burkitt's lymphoma as cancer source, Fab fragments of rituximab devoid of complement activity as mAb and the trisaccharide Galα(1→3)Galβ(1→4)GlcNAc as immunogenic glycan. The bioconjugate Fab-Gal was characterized by biochemical methods and we demonstrated that the α-Gal epitope was recognized by seric immunoglobulins. After checking the recognition capacity of the FabGal conjugate for the CD20 epitope, in vitro assays were performed to evaluate the activation of the complement cascade by the Fab-Gal conjugate. The effect of this bioconjugate was confirmed by the evaluation of the proliferation response of Burkitt's cell line. The relative facility realization of this strategy represents new approaches to increase activities of mAbs.
INTRODUCTION
Complement dependent cytotoxicity (CDC) is very important for the optimal therapeutic monoclonal antibodies (mAb) function (Beum et al. 2008) and is totally conserved even after a chemotherapy treatment. However, this activity is generated by some antibodies (Manches et al. 2003) but not all of them (Cardarelli et al. 2002; Wang et al. 2004) . Certain molecules have an immunomodulative efficacy and notably by activating the complement system, among them, some glycans lead to the formation of a membrane attack complex (MAC) (Walpen, et al. 2002; Courtois et al. 2008) as well as to the production of pro-inflammatory molecules (C3a, C4a, C5a). These molecules stimulate various cellular effectors of the immune system such as macrophages, monocytes or natural killer (NK) cells and lead in fine to lysis of pathogenic cells (Cholujova et al. 2009 ).
Certain glycan structures are specifically recognized by natural antibodies and more particularly by immunoglobulin M (IgM) which are potent activators of the classical pathway of the complement system. This activation occurs during xenotransplantation, in pig-to-human transplants, where the transplant is rapidly rejected by the host. This transplant rejection is mainly due to a trisaccharide antigenic structure abundantly expressed at the surface of pig cells: the Galactoseα(1→3)Galactoseβ(1→4)-N-acetylglucosamine (Galα(1→3)Galβ(1→4)GlcNAc) trisaccharide. This trisaccharide is also called a xenoantigen or an α-Gal epitope (Galili, 2001 ) and natural anti-Gal antibodies are present in human blood. The α-Gal epitope is expressed at a rate of 1 x 10 6 to 30 x 10 6 motifs on the cell surface of most mammalian species, except in humans and Old World primates (Galili et al. 1988 ). In humans, as much as 1% of total serum IgG is specific to the α-Gal epitope and significant levels of anti-Gal IgM (~1 to 8% of total IgM) and IgA have also been reported (McMorrow et al. 1997 ). Xenotransplant rejection is mainly due to the anti-Gal IgM (Sandrin et al. 1993) and the immune response depends on the activation of the classical pathway of the complement system which leads to MAC formation and cell lysis.
Published results have shown that tumours modified to express the α-Gal epitope can direct the action of the complement system on tumour cells and be used as a cancer vaccine (Latemple et al. 1996; Galili and Latemple, 1997) . Moreover, direction injection of α gal epitope allows destroying some tumours (Abdel-Motal et al. 2009 ). Burkitt's lymphoma is a very aggressive B-cell non-Hodgkin lymphoma (NHL) requiring intensive and toxic chemotherapy (Sehn, 2008) . To improve survival of patients, rituximab, a monoclonal antibody (mAb) directed against CD20 and strongly expressed at the surface of B lymphocytes, has been used alone or in combination with chemical agents with some promising therapeutic effects (Galili et al. 2003; Aldoss et al. 2008) . The action of rituximab is currently being examined in other B lymphocyte malignancies and in auto-immune diseases (Edwards et al. 2002; Eisenberg, 2003; Gottardo et al. 2003; Zecca et al. 2003; Zheng et al. 2003) . Rituximab mediates cell-killing effects through different mechanisms: apoptosis (Shan et al. 2000) antibodydependent cellular cytotoxicity (ADCC) (Wang et al. 2008 ) and CDC (Van Meerten et al. 2006 ). The components of the serum are even preserved after chemotherapy, what is not the case of cells generating the ADCC; what makes of the CDC an important mechanism of the activity of mAbs.
Various research groups are now working on developing new antibody constructs to amplify antitumor activity, by modifying the protein or oligosaccharide structures of therapeutic antibodies or by vectorizing various molecules, such as immunostimulant proteins (Reiter and Fishelson, 1989; Juhl et al. 1990 ).
The aim of this work is to demonstrate within a lymphoma model that it makes possible to adduce a CDC activity to any antibody or antibody fragment by covalently coupling a mAb with an immunogenic oligosaccharides via heterobifunctional linkers. Xenoantigens Galα(1→3)Galβ(1→4)GlcNAc were chosen for their high immunogenicity and rituximab for its ability to recognize the antigen CD20 at the cell surface of B lymphocytes. We generated Fab fragments of rituximab because Fab fragments do not possess the Fc part of the rituximab molecule and cannot activate the CDC alone. The resulting conjugate was named Fab-Gal and in vitro assays were performed to assess activation of the complement cascade. The effect of this bioconjugate on the proliferation of the Burkitt's lymphoma cell line was also evaluated.
MATERIALS AND METHODS

Generation of Fab fragments
Fab fragments were obtained by immobilized papain digestion (Perbio, Brebieres, France) ( Figure 1 , step 1), were purified on a protein A column (GE Healthcare Amersham Bioscience, Orsay, France) and dialyzed against phosphate buffer (10 mM, pH 7.4). The fragments were then analyzed under denaturing reducing conditions using 10% SDS-PAGE gel electrophoresis. Protein concentrations were determined using the Bradford colorimetric method (Bradford, 1976) .
Functionalization of Fab fragments
Fab fragments were incubated with 46 µL of Traut's reagent (Perbio, Brebieres, France) (2 mg/mL in PBS) for 1 hr at room temperature. Excess Traut's reagent was eliminated by ultra filtration (Figure 1 , step 2). Protein concentrations were determined using the Bradford colorimetric method (Bradford, 1976) . The number of sulfhydryl groups formed was determined by the measuring the optical density (OD) at 412 nm using Ellman's reagent (Ellman, 1959) (Perbio, Brebieres, France) .
N-Deacetylation of the trisaccharide Galα(1→3)Galβ(1→4)GlcNAc
Galα(1→3)Galβ(1→4)GlcNAc (Dextra Laboratories, Reading, UK) (5 mg) was incubated with 1 M NaOH (300 µL) containing 1% of NaBH 4 for 1 hr at 80ºC (Figure 1, step 3) . The deacetylated trisaccharide was purified by size-exclusion chromatography on a Biogel P2 column (Biorad, Marnes La Coquette, France) and lyophilized. The presence of amine groups was checked with thin layer chromatography on silica plates (Merck, France) was revealed by ninhydrin.
Conjugation of the N-deacetylated Galα(1→3)Galβ(1→4)GlcNAc to rituximab Fab fragments N-deacetylated Galα(1→3)Galβ(1→4)GlcNAc trisaccharide (1 eq.) in PBS was incubated with the heterobifunctional linker, sulfosuccinimidyl 4-[N-maleimidomethyl] cyclohexane-1-carboxylate (Sulfo-SMCC) (Perbio, Brebieres, France) (2 eq.) for 2 hrs at room temperature (Figure 1, step 4a ). The reaction mixture was then incubated with the functionalized rituximab Fab fragments (0.5 eq.) for 1 hr at room temperature ( Figure 1, step 4b) .
Recognition of the α-Gal epitope by immunoglobulins in normal human serum: Ouchterlony immunodiffusion
Briefly, 70 µL of Fab and Fab-Gal samples and 35 µl of Fab-Gal (1 mg/mL in 0.1 M PBS) was loaded in wells on a 1% agarose gel (w:v in PBS) at 1 cm around a central well containing 100 µL of normal human serum (NHS) (Etablissement Français du Sang, Brest, France) diluted 1:20 in PBS. The gels were incubated 24 to 48 hrs in a humidified atmosphere at room temperature.
Determination of the HC 50 of the NHS used
The HC 50 represents the concentration which leads to 50% lysis of sheep erythrocytes. Antibodysensitized sheep erythrocytes (AE) were first prepared by incubating sheep erythrocytes (Eurobio, Paris, France) with rabbit anti-sheep erythrocyte antibodies (Biomerieux, Paris, France) as described by Kazatchkine et al. 1985 . NHS (normal human serum) (800 µL) at various concentrations in VBS (veronal buffer saline: 4 mM veronal, 0.15 mM NaCl, 0.15 mM Ca incubated for 45 min at 37ºC with 200 µL of AE (1:20). Controls of 0% (L 0 ) and 100% (L 100 ) of lysis were obtained by incubating 800 µL of VBS with 200 µL AE diluted 1:20 in the same conditions. Then, 0.15 M NaCl solution (2 mL) was added in each tube except the L 100 tube, where 2 mL of DDW was added. After centrifugation (15 min at 1000 x g), OD of supernatants was measured at 414 nm.
Evaluation of the haemolytic capacity of NHS at HC 50
The capacity of NHS to lyse AE via the classical pathway was assessed with various amounts of rituximab, Fab or Fab-Gal fragments. For the HC 50 assay, 800 µL of NHS (1:100 dilution in VBS) were incubated with 0.1 to 2 nmol of Fab or Fab-Gal and 200 µL of AE at 10 8 cells/mL, for 45 min at 37ºC. After addition of 2 mL 0.15 M NaCl and centrifugation, the residual HC 50 units of the supernatant were determined by measuring the OD at 414 nm.
Hemolytic assay to evaluate the activation of the classical complement pathway
Various amounts of rituximab, Fab or Fab-Gal fragments (0 to 0.5 nmol) were pre-incubated for 45 min at 37ºC with 15 µL of NHS diluted in VBS (1:20) (the dilution at which 90% of cell lysis occurred in our experimental conditions). Then, a mixture of 100 µL of C4-deficient serum (Ingen, Rungis, France) and 100 µL of AE (1:20) were added and incubated for another 45 min at 37ºC. The controls L 0 and L 100 were obtained by incubating 400 µL of VBS with 100 µL AE (1:20) in the same conditions. After addition of 0.15 M NaCl buffer (2 mL) or DDW (2 mL) and centrifugation, the amount of released hemoglobin was assessed by measuring the OD of supernatants at 414 nm.
Flow cytometry analysis
FITC conjugation. Fab fragments of rituximab or Fab-Gal conjugates (1 mg in 1 mL of 0.1 M sodium bicarbonate buffer, pH 9) were mixed with 100 µL of fluorescein isothiocyanate (FITC) (Sigma, Saint Quentin Fallavier, France) (10 mg/mL in DMSO) for 1 hr at room temperature. The reaction was stopped by adding 500 µL of 1.5 M hydroxylamine buffer, pH 8.5.
Staining measurement. Daudi cells (10
5 ) in 100 µL 1% PBS-BSA were incubated for 30 min at room temperature with 5 µL of mouse IgG isotype antibody labelled with FITC (Beckman Coulter, Paris, France), 10 µg of FITC-Fab or 10 µg of FITC-Fab-Gal conjugate. After two washes with 1% PBS/BSA and resuspension in PBS, 5000 cells were analyzed in a flow cytometer (Beckman Coulter, France) equipped with a 500 mV argon laser and an excitation wavelength of 488 nm to measure the mean of fluorescence FITC intensity (FITC).
Fluorescence microscope analysis
Microscope slides were prepared by cytocentrifugation using a Shandon Cytospin 4 (800 rpm, 1 min) for each cell preparation (10 5 cells in 100 µL) previously examined in direct-staining flow cytometry. The slides were analyzed under a fluorescence microscope (Olympus BX60) equipped with a digital camera with a magnification of 400.
Complement-dependant cellular cytotoxicity of the Fab-Gal conjugate
Daudi cells (obtained from a Burkitt's lymphoma patient, ATCC, Manassas, USA) (1.5 x 10 4 ) were incubated for 45 min at 37ºC under a humidified atmosphere with 1 nmol/mL of Fab fragments versus conjugated Fab-Gal fragments. Then, 15% of NHS (v:v) were added and the mixture was placed for 24 hrs at 37ºC under a humidified atmosphere at 5% CO 2 (v:v). After 12 hrs of incubation, 1 µL of tritiated thymidine (GE Healthcare Amersham Bioscience, Orsay, France) and 19 µL of RPMI-1640 were added and incubated for another 12 hrs. A negative control, lacking the antibody fragment, was prepared in the same conditions to measure spontaneous cell lysis. At the end of incubation, cell nuclei were transferred to glass fiber filter paper (Skatron instrument, Beckman Coulter, France) and placed in scintillation vials with 3 mL of scintillation fluid. The incorporation of tritiated thymidine was measured in a scintillation counter of β emissions (Packard, France) and results were expressed in dpm (number of disintegrations per minute).
Statistical analysis
Comparisons were made using Fisher's test.
RESULTS
Recognition of seric immunoglobulins by the α-Gal epitope conjugated to Fab fragments
This recognition was evaluated by an Ouchterlony radial immunodiffusion (Ouchterlony, 1958) and resulted in the formation of immune complexes visualized on the gel by a precipitin band (Figure 2) . On the migration path of the Normal Human Serum (NHS) (well 1) towards the Fab fragments of rituximab (well 2), no circular precipitation line was detected indicating that there were no seric antibodies against the Fab fragments of rituximab. In contrast, a precipitin line was visible between well 1 (NHS) and 3 (Fab-Gal, 35 µg) and between well 1 and 4 (Fab-Gal, 70 µg) confirming that seric immunoglobulins recognized the Fab-Gal bioconjugate.
Fab-Gal recognition of CD20 expression in Burkitt's lymphoma cells
Flow cytometry was used to evaluate the ability of Fab-Gal bioconjugates to recognize the CD20 epitope present at the Daudi cell surface. In an initial experiment, the Fab fragments and the Fab-Gal conjugates were linked to the FITC probe. These fluorescent compounds were then incubated with Daudi cells. As shown in Figure 3a , the histograms obtained for the Fab fragments and the Fab-Gal conjugate were comparable indicating that there were no major differences in the binding capacity of the Fab fragments and the conjugate Fab-Gal. The cell preparations assessed by flow cytometry were cytocentrifuged on microscope slides and observed under an Olympus BX60 fluorescence microscope with appropriate filters. The photographs in Figure 3b show similar cell fluorescence staining for both Fab fragments and Fab-Gal conjugates. 
Effect of the Fab-Gal conjugate on complement activation and complement-dependent cytotoxicity of Burkitt's lymphoma cells in haemolytic assays
These assays made it possible to evaluate the activation of the complement in NHS. The assays were carried out in the presence of AE, which are the activators of the complement system and also the revealing agents for this reaction as, upon activation, they release haemoglobin which can be measured by spectrophotometry.
We used the following strategy to determine the activity of Fab-Gal on the complement system: we first determined the activity of Fab-Gal on the hemolytic capacity of NHS to lyse 50% of AE (HC 50 ). With this test, the inhibition or activation of the complement system could be observed. Then, we evaluated the capacity of Fab-Gal to restore the haemolytic activity of a C4-deficient serum.
In our experiments, HC 50 was reached at a 1:100 dilution. In the first experiment, we worked with Fab fragments and Fab-Gal conjugates (2 nmol) either with or without pre-incubation to detect their effect on the haemolytic activity of the NHS. Figure 4a shows that NHS maintained its haemolytic capacity of 50% in the presence of either Fab fragments or the Fab-Gal conjugates. Therefore, these compounds did not have an inhibitory effect on the complement system.
To determine if these compounds were able to activate the complement system, a second experiment was performed in which the Fab fragments or the Fab-Gal conjugates were incubated with NHS (1:100) prior to the addition of AE. The results showed that the haemolytic capacity of NHS was not modified by incubation with the Fab fragments (Figure 4b ), whereas NHS incubated with Fab-Gal conjugates showed a significant decrease in its haemolytic capacity. . Controls 0% (L0) and 100% (L100) lysis (800 µL VBS buffer with 200 µL AE) were incubated in the same way. After the addition of 2 mL of 0.15M NaCl (or 2 mL DDW for L100) followed by centrifugation (15 min, 600 x g), OD of the supernatants was measured at 414 nm. This test was carried out three times in duplicate. Data are expressed as hemolytic ability calculated according to the following formula: % ability=100-[(ODSample-ODL0)/(ODControl 0 µg) x 100]. The ability of activating the classical complement pathway of Fab-Gal conjugates was compared with that of Fab fragments using a Student's t-test (*: p < 0.05). (b) Same experiment as in (a), except 2 nmol of Fab and Fab-Gal were preincubated with NHS for 45 min at 37ºC before adding AE. This test was carried out three times in duplicate. The hemolytic ability of Fab-Gal and Fab were compared using a Student's t-test (*: p < 0.05). (c) Fab and Fab-Gal were incubated with 15 µL NHS for 45 min at 37ºC. Cell lysis by NHS was estimated using a negative control (0 nmol) under the same conditions. These mixtures were then incubated for 45 min at 37ºC with C4-deficient guinea pig serum (100 µL of 1:100 dilution), 100 µL AE and adjusted with VBS buffer to 500 µL. Controls 0% (L0) and 100% (L100) lysis (400 µL VBS buffer with 100 µL AE) were incubated in the same way. After adding 2 mL 0.15 M NaCl (or 2 mL DDW for L100) and centrifugation (15 min, 600 x g), OD of the supernatants was measured at 414 nm. Data are expressed as the percentage of activation calculated according to the following formula: % lysis=100-[(ODSample-ODL0)/(ODControl 0 µg)x100]. This test was carried out three times in duplicate. The ability of the Fab-Gal conjugates to activate the classical complement pathway was compared to that of Fab fragments using a Student's t-test (*: p < 0.05). 
In a second experiment, using the restoration of the haemolytic capacity of a serum lacking an identified protein of the classical pathway of the complement system, we calculated the percentage of activation of the complement system according to concentration of Fab, Fab-Gal or rituximab. In these tests, performed with guinea pig serum deficient in the C4 complement protein, various concentrations of Fab fragments or Fab-Gal conjugates were first incubated with NHS and then the mixtures Fab-NHS and Fab-Gal-NHS were incubated with the C4-deficient guinea pig serum together with the AE. Figure  4c shows that Fab fragments had no effect on the complement system and confirms that Fab-Gal activates the classical complement pathway. With just 0.2 nmol of Fab-Gal conjugate, 90% of activation was reached.
Complement-dependent cytotoxicity of Fab-Gal on Burkitt's lymphoma cell line
To confirm the higher efficiency of Fab-Gal, the ability of the compounds to inhibit the proliferation of Daudi cell line was evaluated using a radioactive thymidine incorporation assay in dividing cells. The results, presented in Figure 5 , show that the Fab fragments did not inhibit the proliferation of Daudi cells. In contrast, the Fab-Gal conjugates inhibited cellular proliferation by more than 50% only in presence of normal human serum confirming the activation of complement by the presence of α Gal epitope. 4 cells were incubated with Fab fragments versus Fab-Gal for 45 min at 37ºC under a humidified atmosphere. Then 15% NHS or not was added and the incubation continued for 24 hrs at 37ºC. 12 hrs before the end of incubation, 1 µL [ 3 H]-thymidine and 19 µL RPMI 1640 were added. A negative control without samples (darker), obtained under the same conditions, provided a measurement of spontaneous cell lysis. Cell nuclei were recovered on glass fiber filter paper and transferred to scintillation vials containing scintillation fluid (5 mL) and radioactivity was determined using a liquid scintillation counter for 5 min. This test was carried out three times in triplicate. Mean values obtained with the Fab-Gal conjugate were compared to the mean obtained with Fab fragments using a Student's t-test (*: p < 0.05). 

DISCUSSION
The aim of this study was to evaluate whether the covalent coupling of a highly immunogenic epitope could confer the ability to activate the complement system to Fab fragments. In order to illustrate this strategy, we chose a highly immunogenic oligosaccharide and Fab fragments obtained from a therapeutic monoclonal antibody. The α-Gal epitope is a key element in xenotransplantation rejection, especially in pig-to-human transplants, due to the recognition of this epitope primarily by natural IgMs that activate the classical pathway of the complement system. The use of a vector, such as rituximab Fab fragments that do not exhibit any activity on the complement system and that are not internalized by the cell, should lead to activation of the immune system in the area surrounding tumour cells. Haemolytic assays showed that intact rituximab as well as Fab fragments did not have any effect on the complement system, whereas Fab-Gal conjugates activated the classical pathway of the complement system. These results indicate that the Fab-Gal conjugate was recognized by natural IgGs, especially IgMs, present in NHS, leading to the formation of immune complexes owing to the bivalence of the epitopes grafted onto the Fab molecule. This recognition strongly activates the classical pathway of the complement system and therefore consumes the complement proteins present in the sera. Thus, we demonstrated that the α-Gal epitope can be conjugated to the Fab fragments of rituximab, and that it is recognized by seric Igs which activate the complement system. These results confirm the hypothesis that these seric Igs are essentially natural IgMs specific to the α-Gal epitope, which have a high capacity for activating the classical pathway of the complement system.
Some in vitro assays demonstrated that the Fab-Gal conjugate was able to induce complementdependant cellular cytotoxicity.
Conjugation was performed using a chemical method with a heterobifunctional linker, which allowed specific reactions between amine functional groups on the glycan molecule with thiol groups on the antibody fragments. This type of linker avoids cross linking between polyfunctional molecules. In a more general case, a linker means any reactive molecule having at least one reactive functional group capable of forming a bond with a reactive function of the immunogenic molecule and at least one reactive functional group able of forming a bond with at least one reactive function of therapeutic antibody. A reactive functional group means any reactive function able of bonding covalently with another functional group, including functions such as amino, thiol, hydroxyl, carbonyl, ester activated hydrazine, isocyanate (Brinkley, 1992; Annunziato et al. 1993; Thompson, 2004; Xiao et al. 2004 ). In our case, we controlled the number of thiol groups generated, and for that purpose, the Fab fragments were mildly functionalized to generate an average of two thiol groups that can react with the heterobifunctional linker. A low level of functionalization was chosen to maintain a high capacity for recognizing the antigen present at the cells surface, here, CD20 while ensuring proper orientation of the α-Gal motif for satisfactory detection by the anti-Gal Igs in human serum. The bio conjugation could be carefully monitored using various methods. It makes possible to control the number of molecules linked to the mAb in function of the immunogenic activity required and of the state of patients.
CONCLUDING REMARKS
This strategy could be optimized and extrapolated to many therapeutic antibodies lacking either ADCC or CDC mechanisms by modulating the number, the nature and the immunogenicity level of the grafted oligosaccharide. For instance, a patient in aplasia presents a complement skill but not ADCC, an increases activity of mAb could be made by adjunction of molecule complement efficient, patients who present Natural killer FCg receptor genotypes for ADCC, could receive antibody treatment coupling with molecules that promote ADCC activity. In conclusion, this strategy could lead to generate immunotherapy more effective against tumours.
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